This study compares a derivative Fick technique using carbon dioxide (CO 2 ) with the thermodilution pulmonary artery catheter (PAC), for determination of cardiac output (CO). Subjects were sedated, mechanically ventilated adults following elective cardiac surgery. Microprocessor controlled deadspace activation and side-stream capnography in a ventilator circuit enabled calculation of CO (COCO 2 ) every four minutes. Thermodilution CO (CO TD ) was performed as clinically indicated and at 20-minute intervals. Simultaneous CO TD /COCO 2 pairs were recorded from time of admission to ICU for a minimum period of two hours for each patient. There were 358 CO TD /COCO 2 pairs recorded from 41 patients. Cardiac output measurements ranged from 2.7 to 10.6 l/min. The bias (Bland-Altman) was 0.050 l/min (95% CI -0.024 to 0.125 l/min). The 95% limits of agreement were -1.354 to 1.455 l/min. This simple, non-invasive partial-rebreathing technique is a valid alternative to thermodilution for cardiac output determination in sedated, mechanically ventilated patients. There are significant implications for improved safety, reduced complexity and reduced cost in anaesthesia and intensive care.
The pulmonary artery catheter (PAC) was introduced into routine clinical practice in 1970 and is used extensively in determination of cardiac output by thermodilution (CO TD ) and estimation of pulmonary capillary wedge pressure. Currently over two million catheters are sold worldwide annually, generating millions of dollars in associated costs.
A number of studies have demonstrated that knowledge of cardiac output (CO) is useful in guiding therapy in anaesthesia and intensive care 1 , despite variable accuracy of CO TD data 2, 3 . Nonetheless, a recent large prospective observational study examining the effectiveness of PAC in the initial care of critically ill patients demonstrated increased mortality and increased resource utilization in patients in whom a PAC was used 4 . There has been a continuing move to establish less invasive methods of CO determination.
We present a non-invasive method of cardiac output determination (COCO 2 ) employing a partialrebreathing method utilizing the derivative Fick equation and a novel method for determining the change in carbon dioxide excretion (dVCO 2 ). The method requires an adapted ventilator circuit ( Figure  1 ) allowing valve-activated diversion of inspired gas through a known volume of the expired line for 30 seconds every four minutes. Side-stream carbon dioxide sampling at both ends of the additional deadspace allows calculation of end-tidal CO 2 (P ET CO 2 ), the CO 2 concentration within the deadspace, and therefore measurement of the change in CO 2 elimination (dVCO 2 ). A microprocessor controls valve activation and capnography, and is programmed to generate COCO 2 data every four-minute cycle thus providing frequent, automated, non-invasive measurements of CO.
THEORY
In a steady state situation, the amount of CO 2 entering the lung in mixed venous blood equals the amount of CO 2 leaving the lung via ventilatory elimination and arterial blood. This can be represented by the direct Fick equation as follows:
where Q represents total pulmonary capillary blood flow, C V CO 2 represents the CO 2 content of mixed venous blood, VCO 2 represents CO 2 elimination, and C a CO 2 represents CO 2 content of arterial blood. This equation can be solved for Q such that:
If we assume conditions of negligible shunt, then CO equals Q, or:
Assuming that CO remains constant over the 30-second period of deadspace activation, we can differentiate the Fick equation:
A 30-second period of partial rebreathing will result in a change in VCO 2 and C a CO 2 but no change in C V CO 2 , as recirculation of CO 2 is negligible within this time interval (2) and therefore dC V CO 2 =0. Therefore equation 4 can be simplified:
The haemoglobin-dependent slope of the CO 2 dissociation curve can be calculated from known equations as:
where dCCO 2 represents the change in CO 2 content and dPCO 2 represents the change in CO 2 partial pressure. Solving this equation for CO 2 content of arterial blood, we obtain:
The alveolar dead space equation demonstrates the relationship between the partial pressure of alveolar CO 2 (P A CO 2 ) and the partial pressure of endtidal CO 2 (P ET CO 2 ):
where V T represents tidal volume, and V DA represents alveolar deadspace volume. Assuming that the alveolar deadspace fraction remains constant during the 30 second partial rebreathing manoeuvre, the fraction V T /(V T -V DA ) can be replaced by a constant (K), thus:
) and d P A CO 2 =K.dP ET CO 2 (Equation 10).
For this investigation we have assumed a value of unity for K.
We can substitute equation 10 into equation 7:
thus replacing a term (dC a CO 2 ) that is difficult to ascertain, with a term (dP ET CO 2 ) that is readily measured with the adapted ventilator circuit. Finally, equation 11 can be substituted into equation 5 to provide an equation expressing CO in terms of CO 2 elimination and end-tidal partial pressures:
Thus the cardiac output may be known by measuring the fall in CO 2 elimination and the rise in endtidal CO 2 when a deadspace is applied. The haemoglobin concentration is also required to enable calculation of the slope of the CO 2 dissociation curve 5, 6, 7 .
METHOD
A prospective blinded comparison of the COCO 2 technique with the CO TD technique was conducted in the Intensive Care Unit (ICU) of a university teaching hospital. The subjects were sedated, mechanically ventilated adults following elective cardiac surgery. Local ethics committee approval was obtained prior to commencing the study and written informed consent was obtained from all patients on admission prior to surgery. No patient was excluded from the study on the basis of co-morbidity. PAC insertion and CO TD estimations were performed conventionally, both in theatre and ICU. Patients in whom a PAC was not considered clinically indicated were not included in the study.
The adapted ventilator circuit, valve, capnograph and microprocessor were installed as soon as practicable following admission to ICU. card to a microprocessor. The printer port of the microprocessor was used to activate a custom-made valve via a power transistor. The valve was activated for 30 seconds every four minutes allowing inspired gas down a known (deadspace) volume of the expired line. The volume of the deadspace was of the order of 200 ml although this was varied if the new end-tidal CO 2 equilibrium was not obtained within 30 seconds of deadspace ventilation.
The average value of the end-tidal CO 2 was measured for the four breaths preceding valve activation (P ET CO 2 -1). The new steady state value of the end-tidal CO 2 after valve activation was determined by averaging the last three breaths of the 30-second rebreathing period (P ET CO 2 -2). The change in endtidal CO 2 was calculated as:
The change in CO 2 elimination (dVCO) was calculated as the rate of CO 2 addition to the patient (or effectively the reduced loss rate) at the end of the deadspace activation period. This was calculated as the volume of the deadspace tubing multiplied by the carbon dioxide fraction within the tubing at endexpiration multiplied by the capnographic respiratory rate. The PCO 2 within the deadspace tubing was calculated assuming a linear CO 2 concentration gradient within the tubing and averaging the PCO 2 measured at either end of the tubing. Sampling at each end of the deadspace tubing was achieved with a softwarecontrolled mini-solenoid valve in the capnograph sampling line. The slope of the CO 2 dissociation curve was determined at a PCO 2 midway between PETCO 2 -1 and P ET CO 2 -2, and at the measured haemoglobin concentration. Thus all variables in equation 12 were determined by a single capnograph enabling the microprocessor to provide automated COCO 2 estimations every four-minute cycle.
The primary investigator recorded COCO 2 for a minimum period of two hours for each patient. CO TD was performed by the clinical ICU staff or a second investigator blinded to the COCO 2 results. CO TD was performed as clinically indicated and every 20 minutes by averaging three estimations using routine protocols. Simultaneous CO TD /COCO 2 pairs were recorded for analysis with a minimum of six pairs required for each patient. Recording continued until sedation was weaned and spontaneous respiration ensued.
RESULTS
Forty-one patients were entered into the study and 358 simultaneous CO TD /COCO 2 pairs were recorded. "Analyse-It For Excel" statistics package was employed for statistical calculations.
Twenty-seven subjects (66%) were male. The average age was 65.1 years with a range of 44 to 78 years. The distribution of CO TD and COCO 2 were similar (Figures 2 and 3) . Typical patients would return to ICU hypothermic with a low CO, and the CO would increase as the temperature rose. Figure 4 is a Pearson Correlation comparing CO TD and COCO 2 . The r statistic is 0.88 (95% CI 0.86 to 0.90) P<0.0001. The difference between COTD and COCO 2 is demonstrated using the technique of Altman and Bland ( Figure 5 ). This was necessary, as there is no "gold standard" for CO estimation, with both CO TD and COCO 2 techniques relying on the steady state assumption and the Fick principle. This plot demonstrates a bias of +0.050 l/min (95% CI -0.024 to +0.125) for COCO 2 compared to CO TD . The lower and upper 95% limits of agreement were -1.354 (95% CI -1.481 to -1.228) and 1.455 (95% CI 1.328 to 1.582) respectively. Distribution of COCO 2
Distribution of CO TD

DISCUSSION
Early attempts at assessing cardiac function by gas exchange, using the direct Fick equation applied to CO 2 , required C V CO 2 estimations that involved breath-holding techniques, single-breath techniques or rebreathing techniques. These were often poorly reproducible and difficult to standardize. A formula relating cardiac output to the ratio of changes in VCO 2 and PETCO 2 created by a sudden change in minute ventilation was first proposed by Gedeon et al 5 . By using a differential form of the Fick equation, they eliminated the need to estimate C V CO 2 . The technique required appropriate selection of P ET CO 2 points where C V CO 2 was exactly equal, and was therefore sensitive to selection of timing intervals. Capek and Roy 8 developed a ventilator circuit and partialrebreathing technique that allowed regular estimates of CO, based on this differential Fick equation, but also correcting for alveolar deadspace and variations in the CO 2 dissociation curve. They developed and tested their technique in dogs, achieving good correlation with the thermodilution method.
Recently developed commercial devices for measurement of CO using the differential Fick technique for CO 2 employ an inline flow meter and an inline capnograph. Since there is no phase delay between these signals, they may be cross-multiplied and integrated to evaluate bi-directional CO 2 flow and therefore CO 2 elimination. By contrast, sidestream capnography with its measurement time delay makes such an approach difficult. By eliminating the flow meter, our technique allows the use of currently available and widely employed capnographs, thus reducing costs associated with the COCO 2 technique. This approach is also more adaptable to human subjects or animals of differing size.
The COCO 2 technique requires a number of theoretical assumptions and practical considerations. A steady state environment is primary to all methods of CO determination based on the Fick principle, including both COCO 2 and CO TD . Negligible intrapulmonary shunt was assumed in our study and in a study by Bosman et al 9 , but Osterlund et al 11 corrected values for shunt flow. Both studies used forms of the differential COCO 2 technique in adult patients following cardiac surgery and both demonstrated good agreement with CO TD . A constant alveolar deadspace fraction is also required during the 30 seconds of partial rebreathing but it is unlikely that any pathological process would alter results by causing sufficiently rapid fluctuation in CO 2 measurements. Adequate recirculation times are also necessary to allow sufficient CO 2 washout prior to each new cycle of partial rebreathing. In practice, capnographic evidence suggests that cycle length could be reduced to less than 90 seconds, but that a 30-second period of rebreathing remains necessary to achieve a new steady state P ET CO 2 using the employed deadspace volume. The COCO 2 method also requires even tidal volumes, achieved when subjects were sedated and Mean of CO TD and COCO 2 (l/min) Difference between CO TD and COCO 2 (l/min) Figure 5 . Bland-Altman plot of the difference between CO TD and COCO 2 techniques versus the mean of the two techniques, where CO TD represents cardiac output determined by thermodilution and COCO 2 represents cardiac output determined by CO 2 partialrebreathing. The bias of COCO 2 was 0.050 l/min (95% CI -0.024 to 0.125 l/min) with the upper and lower 95% limits of agreement being 1.455 and -1.354 l/min respectively. mechanically ventilated. The reproducibility of COCO 2 was poor in spontaneously-breathing intubated patients (unpublished data) and has also proved unsatisfactory in sedated, extubated patients 9 .
Subjects included in our study were all candidates for elective cardiac surgery and therefore unlikely to have severe pulmonary co-morbidity. Whilst no patient was excluded on the basis of co-morbidity, this selection bias would reduce the incidence of ventilation-perfusion mismatch more typical of a general ICU population. Therefore it may not be appropriate to extrapolate our results to subjects with severe pulmonary disease, sepsis or haemodynamic compromise.
The indirect Fick CO 2 -rebreathing technique has been employed with variable results in determination of CO in people with severe pulmonary disease. A study of 19 patients with cystic fibrosis during steady state exercise demonstrated that CO results obtained using P ET CO 2 were similar to CO results obtained using an indwelling arterial line, despite the presence of severe airflow limitation 11 . A similar study concluded that estimates of P a CO 2 from P ET CO 2 are not reliable in patients with moderately severe pulmonary disease due to cystic fibrosis, despite good agreement in healthy controls 12 . A study employing the partialrebreathing CO 2 technique with VCO 2 measured on a breath-by-breath basis compared COCO 2 with CO TD in 15 adult sheep and 20 mechanically ventilated patients with different underlying diseases including eight patients with acute respiratory distress syndrome 13 . The overall degree of correlation between COCO 2 with CO TD was moderate (r 2 =0.54, P<0.0001) with bias and precision calculations suggesting significant underestimation of CO. In contrast, correlation between partial CO 2 rebreathing measures and non-shunted pulmonary blood flow was good (r 2 =0.73, P<0.0001) suggesting that lack of agreement was largely explained by intrapulmonary right-to-left shunt. This result suggests that the COCO 2 technique may not be appropriate in subjects with increased venous admixture.
CONCLUSION
Our study demonstrates that a non-invasive partial rebreathing technique is a valid alternative to the thermodilution technique in determination of cardiac output in sedated, mechanically ventilated patients undergoing elective cardiac surgery. Because of the morbidity and mortality associated with the PAC, our non-invasive technique has significant potential for improving outcomes and reducing cost and com-plexity in ICU and operating theatres. Further work is required to refine the technique, with validation studies necessary in other clinical populations and scenarios, particularly in the settings of severe respiratory disease, cardiovascular instability or sepsis.
